Introduction
Understanding the link between interest rates and bank profitability is important for evaluating the effect of the monetary policy stance -as captured by the interest rate structure, ie the level and slope of the yield curve -on the soundness of the financial sector. While monetary policy is not, of course, the only influence on the interest rate structure, it has a major impact on it: the central bank sets the shortterm rate and influences longer-term rates through direct purchases of securities and by guiding market participants' expectations about the short-term rate.
The link between monetary policy and bank profitability has gained prominence following the Great Financial Crisis. In the major advanced economies, short-term interest rates have sagged to near zero and long-term interest rates to historically low levels ( There is widespread agreement that central banks' aggressive response at the early stages of the crisis was critical for helping prevent a financial and economic meltdown. However, in recent years, concerns have been growing that the net benefits of prolonged monetary accommodation might be declining due to its negative side effects (eg Dale (2012) , Plosser (2012) , Praet (2012) , Rajan (2013) , Bank for International Settlements (2012)). One such side effect is the negative effect of a low interest rate structure on bank profitability and hence on the soundness of the banking sector. Surprisingly, the link between monetary policy and bank profitability is an under-researched area. Many papers analyse the link between bank profitability and business conditions, producing results on the link between the interest rate structure and bank profitability only as a by-product. In particular, Demirgüç-Kunt and Huizinga (1999) were among the first to relate bank profits to macroeconomic indicators, such as real interest rates. They find that high real interest rates are associated with higher interest margins and profitability, especially in developing countries where demand deposits frequently pay below-market interest rates. Recent examples from this strand of literature include Albertazzi and Gambacorta (2009) , who use aggregate data for the banking sector in 10 OECD countries and find a significant relationship between net interest rate income and the yield curve slope. They also find a positive relationship between bank loss provisions and the short-term interest rate. Bolt et al (2012) obtain similar results using bank-level data and allowing for asymmetrical effects over the business cycle.
Only few studies have focused specifically on the impact of interest rates on bank profitability. English (2002) studies the link between interest rate risk and bank interest rate margins in 10 industrialised countries. He finds that, as the average yield on bank assets is more closely related to long-term rates than the average yield on liabilities, a steep yield curve raises interest margins. Recently, Alessandri and Nelson (2014) establish a positive long-run link between the level and slope of the yield curve and bank profitability in the United Kingdom.
In this paper, we explore the link between monetary policy and bank profitability in more depth, focusing precisely on the relationship between the interest rate structure and bank performance. This, of course, means that we take macroeconomic conditions as given and do not include any effects that operate indirectly, through monetary policy's independent impact on aggregate demand.
We contribute to the literature in two main ways. First, we analyse the link more comprehensively, based on a large set of international banks and all the main components of banks' balance sheets. To this end, we draw on a data set that covers 109 large international banks headquartered in 14 advanced economies for the period 1995-2012. And we look at net interest income, non-interest income, loan loss provisions and overall return on assets (ROA). Second, we allow for nonlinearities in the relationship between interest rates and bank profitability -an aspect that so far has been neglected in empirical work despite its intuitive appeal. Importantly, if such non-linearities are sizeable, ignoring them underestimates the effects of very low interest rates.
The analysis yields the following main results.
2 First, we find a positive relationship between the interest rate structure and bank profitability. This results from two contrasting forces. On the one hand, the level of short-term interest rates and the slope of the yield curve are positively associated with banks' net interest income, reflecting their positive effect on bank margins and on returns from maturity transformation, respectively. On the other hand, higher interest rates boost loan loss provisions, consistent with their impact on debt service costs and default probabilities, and depress non-interest income, most probably because of their negative impact on securities' valuations. Second, we also find that the impact on profitability declines with the level of interest rates and the slope of the yield curve, ie that there are significant non-linearities. This indicates that the impact of interest rates on bank profitability is particularly large when they are low. All this suggests that, over time, unusually low interest rates and an unusually flat term structure erode bank profitability.
The rest of the paper is organised as follows. The first section lays out the analytical framework and considers the main channels through which monetary policy influences bank profitability. The second section presents the empirical analysis. It describes the data set and, to set the context, the evolution of bank profitability and monetary policy in the period under investigation. It then presents the econometric framework and discusses the main empirical results. The conclusion highlights the main findings and their implications.
Analytical framework
Monetary policy operates primarily through its proximate effect on the short-term interest rate and the slope of the yield curve. The central bank controls the shortterm rate quite closely through the policy rate. Its influence on the yield curve is more indirect, through its impact on market participants' expectations about the future policy rate path (the signalling channel) and through large-scale operations in government securities specifically intended to have an impact on their price -a common example of "balance sheet policies" (Borio and Disyatat (2010) ).
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We estimate the regressions using a System Generalized Method of Moments (S-GMM) panel methodology in order to control for potential endogeneity (Arellano and Bond (1991) ).
Since the crisis, as policy rates have sagged to zero or thereabouts, attempts to influence the yield curve have become much more prominent as a means of providing extra stimulus. The heavy reliance on forward guidance about future policy rates and on large-scale asset purchases are testimony to these efforts. There is growing empirical evidence that, taken together, these policies have had considerable impact on the yield curve at all maturities, with large-scale purchases complementing at the longer end the effect of forward guidance at shorter maturities, say, up to two years or so.
3 Importantly, the impact has not only been on the pure expectations component of the yield curve but also on the term premium.
4
Indeed, estimates indicate that this premium has been unusually compressed and, for prolonged periods, even substantially negative.
5
In the analysis that follows, we are specifically interested in the impact of monetary policy on bank profitability taking macroeconomic conditions as given. A more comprehensive analysis would require a full macroeconomic dynamic general equilibrium model, and hence would be largely determined by that model's characteristics. Moreover, given that extant models are not well suited to capturing the richness of the effects, the corresponding analysis would inevitably have to be carried out at a high level of aggregation. By narrowing down the focus on the more direct impact of monetary policy on bank profitability, we can enrich the empirical investigation, illuminate further the various channels and take advantage of available bank-level data.
In what follows, we consider, sequentially, the ways in which the level of interest rates and the slope of the yield curve can be expected to affect the various components of bank profitability, ie net interest income, non-interest income and loan loss provisions. The Annex presents a very simple model that can help to provide further intuition about the main channels.
Impact on net interest income
Under quite general conditions, there are good reasons to believe that both the level of interest rates and the slope of the yield curve are associated with higher net 3 See eg Meaning and Zhu (2011) on the impact of the Federal Reserve and Bank of England assetpurchase programmes on Treasury yields and other financial asset prices. On the financial market impact of forward guidance, see eg Filardo and Hofmann (2014). 4 Central bank asset purchases are widely seen as affecting mainly term premia in long-term interest rates via a portfolio rebalancing channel (see eg Bernanke (2013) ). For instance, Banerjee et al (2012) and Cahill et al (2013) present evidence suggesting that the Bank of England's and Federal Reserve's asset purchases have mainly worked through this channel. However, monetary policy can affect risk, and hence also term, premia not just through large-scale operations in the relevant securities but also through the level of interest rates, forward guidance, and market expectations of the response of policy to untoward market developments (eg "implicit puts").
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For instance, affine term structure models (Kim and Wright (2005) and Hördahl and Tristani (2014) ) typically find very low and mostly negative term premia for the United States and the euro area. See www.federalreserve.gov/econresdata/researchdata/feds200533.html and Bank for International Settlements (2015) , respectively (see also Figure 1 , middle panel). interest income. This relationship is likely to be especially strong at very low levels of nominal interest rates and to fade as interest rates move higher, ie to be concave. 6 In the case of the level of interest rates, at least four mechanisms are relevant: (i) a "retail deposits endowment effect"; (ii) a "capital endowment effect"; (iii) a "quantity effect" that counterbalances the "price effect"; and (iv) the dynamics of transition between equilibria, including repricing lags and credit-loss accounting.
The "retail deposits endowment effect" derives from the fact that bank deposits are typically priced as a markdown on market rates, typically reflecting some form of oligopolistic power and transaction services. If the markdown becomes smaller as interest rates decline, then monetary policy tightening will increase net interest income. The endowment effect was a big source of profits at high inflation rates and when competition within the banking sector and between banks and non-banks was very limited, such as in many countries in the late 1970s. It has again become quite prominent, but operating in reverse, post-crisis, as interest rates have become extraordinarily low: as the deposit rate cannot fall below zero, at least to any significant extent, the markdown is compressed when the policy rate is reduced to very low levels. This means that the relationship between net interest income and interest rates is non-linear (concave).
The "capital endowment effect" is, functionally, an extreme case of the "retail deposit endowment effect": by construction, equity capital does not pay interest. Thus, as interest rates fall, the return on assets covered by capital mechanically declines. Quantitatively, this effect is generally smaller than that for deposits because capital is a smaller share of total assets. That said, it operates at all interest rate levels.
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Changes in the level of market rates will also have quantity effects, notably influencing the volume of bank loans and deposits. To the extent that, on balance, the demand for loans is more responsive (elastic) to interest rates than that for deposits, at some point higher interest rates would erode profitability.
8 That point is determined, inter alia, by the sensitivity of the demand for loans (and deposits) to market rates in general equilibrium, since other sectors will also be affected by the same changes in market conditions, which tends to offset any partial equilibrium forces.
Dynamic effects in the transmission of the level of interest rates to net interest income take two forms.
The first relates to lags in price (rate) adjustments, possibly reflecting oligopolistic behaviour or views that the changes in market rates are only temporary. There is a vast literature documenting that if banks have oligopolistic 6 The Annex shows that, also in the case of a simple Monti-Klein model, the short-term interest rate and the yield curve slope could influence net interest income in a quadratic way.
Of course, capital is not costless. But this is not relevant for current purposes except to the extent that (i) banks impute a cost of equity capital to their loans (quite plausible; eg Basel Committee on Banking Supervision (2010), Elliot (2010) ); and (ii) the wedge between that cost and market rates varies with their level (less obvious). Under these conditions, the spread between loan rates and market rates could vary with the level of market rates. In any case, these are likely to be secondorder effects. See also the Annex for a derivation of this result in the context of a simple model. power, deposit rates adjust more sluggishly than lending rates. 9 This means that, all else equal, banks make profits when the monetary policy stance changes. In any case, these adjustments typically take place within one year and are not modelled in our econometric setup, as we use annual data.
The second form, which is more relevant, relates to accounting practices. Any interest margin on new loans also covers expected losses. But provisions in the period we examine follow the "incurred loss model", so that, in contrast to interest rates, they are not forward-looking. As a result, extending new loans raises profitability temporarily, since losses normally materialise only a few years later, 10 at which point loans also become non-performing, eroding the interest margin. This also means that if lower market rates induce more lending, they will temporarily boost net interest margins. The strength of this effect will depend on background economic conditions. For instance, it is likely to be weak precisely when interest rates are unusually low and the demand for loans anaemic.
11
Beyond the level of interest rates, the slope of the yield curve should also influence net interest income. Specifically, a steeper yield curve should have a positive effect on banks' net interest income. Part of this effect is temporary. This is because if all banks' liabilities were at market rates, the only lasting component of the gains would be the term premium:
12 over time, surprises aside, market rates would catch up with those implicit in the yield curve and hence in forward rates. This means that a negative term premium is very damaging for bank profitability. The permanent component of the effect of the yield curve on net interest income can exceed the term premium only if banks enjoy oligopolistic power in some funding segment, such as retail deposits, allowing them to charge a markdown over market rates.
Changes in the slope of the yield curve will also have quantity effects, notably influencing the volume of banks' fixed-rate mortgages. Similarly to what is discussed above, to the extent that, on balance, the demand for mortgages is more 9 The stickiness of deposit rates with respect to monetary policy changes has been extensively analysed (for a review, see Freixas and Rochet (1997) ). Moreover, the degree of stickiness of deposit rates could be non-linear. Among the market factors that have been found to affect the responsiveness of bank deposit rates are the direction of the change in market rates (Hannan and Berger (1991) ), whether the bank interest rate is above or below a target rate (Hutchison (1995) ; Neumark and Sharpe (1992) ) and market concentration in the bank's deposit market (Hannan and Berger (1991) ). Rosen (2002) develops a model of price setting in the presence of heterogeneous customers to explain why bank deposit rates respond sluggishly to some persistent changes in money market rates but not to others. Gambacorta and Iannotti (2007) find that the interest rate adjustment in response to positive and negative shocks is asymmetrical, in that banks adjust their loan (deposit) rate faster during periods of monetary tightening (easing). Hofmann and Mizen (2004) present evidence for UK banks and building societies suggesting that the speed of adjustment of deposit and lending rates to policy rates depends on their expected future path. For a review of the main institutional factors that influence the response of bank lending rates to policy rate changes, see, among others, Borio and Fritz (1995). 10 This "seasoning effect" should be distinguished from the influence of background macroeconomic conditions, as it operates independently.
Such low rates will tend to prevail following banking crises and balance sheet recessions, in which debt overhangs depress the demand for additional borrowing and make it less responsive to declines in interest rates (eg Bech et al (2014) , Borio (2014) ).
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The term premium reflects the returns to maturity transformation and, related to this, any interest rate risk that banks decide to incur (eg Dietrich and Wanzeried (2012) ).
responsive (elastic) to changes in the slope than that for medium-term deposits, at some point a higher level of the slope would erode profitability.
Impact on non-interest income
The link between interest rates and non-interest income is less clear and has received little attention. On balance, however, higher interest rates could lead to lower non-interest income and therefore offset (at least partially) the positive effects discussed so far. Three components of non-interest income are relevant: (i) valuation effects on securities; (ii) hedging through derivatives; and (iii) fees and commissions.
Other things equal, higher interest rates should generate losses on banks' securities portfolios. The impact on the profit and loss account will depend on accounting conventions. The losses will feed directly into the income statement if the securities are marked to market (eg if they are in the trading book), will bypass it entirely and go straight into equity if they are treated as available for sale, and have an impact only when realised if the securities are treated as held to maturity. Importantly, any such effect is only temporary: it is related to the change in the interest rate and disappears once the change is over. This once-and-for-all impact contrasts with the permanent one of the various endowment effects on net interest margins.
Hedging of interest rate risk is important for banks.
14 It is done largely through interest rate swaps, with valuation effects typically reported as non-interest income (Gorton and Rosen (1995) ). Since, structurally, banks' liabilities have a shorter maturity than their assets, and hence typically also shorter repricing intervals, banks tend to pay fixed rates and receive floating rates. Thus, in any given period, (unexpectedly) higher interest rates and a yield curve steepening will result in valuation gains, partly reinforcing the improvement in interest margins linked to the endowment effects on interest margins. If banks hedged completely, they could not profit from interest rate risk. In fact, hedging is only partial. Consistent with this, Esposito et al (2013) and English et al (2013) find that bank stock prices decline substantially following an unanticipated increase in the level of interest rates or a steepening of the yield curve.
Fees and commissions represent more than 60% of total non-interest income (more than 90% during the crisis period). They come in many varieties, ranging from those directly linked to lending and deposit activity (eg credit lines, transaction services) to those related to more investment-banking-type activities (eg trading, mergers and acquisitions, and market making). It is therefore hard to establish a clear link between them and the level and structure of interest rates. That said, it may be argued that, for given macroeconomic conditions, higher rates might reduce this income component. One possible channel is through the impact of interest rates on asset valuations and the search for yield: at low rates, asset prices are higher, and so typically are volumes, and the search for yield is stronger (eg 13 See the Annex for a derivation of this result. 14 We do not discuss here the hedging of exchange rate risk since gains and losses are less obviously related to the level of interest rates. Rajan (2005) ). Likewise, at low rates, savers may demand more professional services to manage their portfolios (Albertazzi and Gambacorta (2009) ).
There are reasons to believe that the effect of interest rates on non-interest income is also non-linear, becoming stronger at rather low levels of interest rates, ie convex. For instance, the search for yield becomes especially intense as interest rates fall well below historical norms, and, as a consequence, valuation effects associated with given basis point declines in interest rates become stronger. This, of course, assumes that these effects more than offset the valuation losses associated with the hedging of interest rate risk through derivatives.
Impact on loan loss provisions
For given macroeconomic conditions, higher interest rates and, to a lesser extent, a steeper yield curve slope should be expected to go hand in hand with higher loan losses. Moreover, at least over the sample period of our analysis, the relationship may fade at higher levels of interest rates, ie it would be concave.
Abstracting from the accounting lag in the recognition of expected losses, higher interest rates are likely to have at least two effects, which are partly offsetting. First, higher rates boost the default probability on the existing stock of variable-rate loans, by increasing debt service burdens. Second, they may induce less risk-taking on new loans through the so-called risk-taking channel (Borio and Zhu (2012) ). Indeed, there is growing empirical evidence that a key way in which monetary policy is transmitted is by influencing banks' perceptions and attitudes towards risk, ie by influencing the market price of risk (eg Altunbas et al (2013) , Dell'Ariccia (2013) and Buch et al (2014) ). Since the stock of variable-rate loans is bound to be considerably larger than the flow of new loans, the overall impact on provisions should be positive, depressing profitability measured per unit of loans, at least over horizons of more than one year.
The sensitivity of loan loss provisions to interest rates should be expected to be especially high at very low interest rates. This is because, given central banks' typical reaction function, such low rates are likely to prevail following financial crises, when banks' as well as their customers' balance sheets are in bad shape. This can make banks especially reluctant to accept further losses and hence to "evergreen" the loans, ie "extend and pretend" (eg Barseghyan (2010) ). This effect comes in addition to the lower probability of default linked to lower debt service burdens. There is considerable evidence for this mechanism, some of it going back to the post-bubble experience in Japan during the 1990s (eg Caballero et al (2008) ) and some relating to the post-crisis experience in Europe (eg Albertazzi and Marchetti (2010) , Enria (2013) and Bank of England (2010)).
The sensitivity of loan loss provisions could also increase at relatively high interest rates. Above a certain threshold, comparatively high rates would tip a growing fraction of borrowers into default. That said, over the sample of our empirical analysis, interest rates have exhibited a downward trend without major spikes. As a result, this effect is not really relevant. Moreover, for higher interest rates as well, the demand for loans decreases and at a certain point this effect could dominate, making the relationship between provisions and interest rates concave.
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The delayed loan loss recognition implied by accounting practices can further add to the positive relationship between interest rates and loan loss provisions over the relevant interval. This occurs to the extent that lower interest rates encourage loan growth, driving down the ratio of loan loss provisions to the stock of loans.
The relationship between the slope of the yield curve and loan losses is likely to be qualitatively similar. 16 For a given short-term rate, a steeper slope increases the average level of interest rates. This would at least raise debt service burdens on the stock that needs to be renewed at longer maturities
Testable hypotheses
To summarise, this analysis points to a number of testable hypotheses. Controlling for macroeconomic conditions, we should expect: a) a positive and likely concave relationship between net interest income, on the one hand, and the level of interest rates and the yield curve slope, on the other (endowment effects, sensitivity of the volume of loans to the loan rate, lag between loan extension and defaults); b) a negative and possibly convex relationship between the same variables and non-interest income (valuation effects and impact of the level of interest rates on fees and commissions); c) a positive and possibly concave relationship between the same variables and loan loss provisions (impact of higher interest rates on defaults; evergreening of loans); d) a positive, and possibly concave, relationship between the level of interest rates and the yield curve slope on overall bank profitability. To be sure, the impact is, in principle, uncertain. Higher interest rates go hand in hand with higher profits only if the impact on net interest income is stronger than that on non-interest income and provisions. But we expect this to be the case, given the importance of interest margins and the long-lasting, as opposed to transitory, impact that interest rates have on them.
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See the Annex for a derivation of this result.
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That said, empirically, in this case, controlling well for background macroeconomic conditions is even more important: it is well known that a positive slope is normally associated with an expanding economy, possibly because of the anticipated central bank response. See Benati and Goodhart (2008) for a historical cross-country assessment of the predictive power of the yield spread for output growth and an assessment of different competing explanations for this stylised fact.
Empirical analysis Data
We use bank-level data from BankScope, a commercial database maintained by Fitch and Bureau van Dijk. We consider consolidated balance sheet statements, in line with the view that an internationally active bank takes strategic decisions on its worldwide consolidated assets and liabilities. All major international banks are included. The sample covers 18 years from 1995 to 2012, a period spanning different economic cycles, a wave of consolidation, and the Great Financial Crisis. The data are annual.
We adjust the sample in a number of ways. First, we control for 159 mergers and acquisitions over the period by constructing pro forma entities at the bank holding level. This procedure obviously limits the number of banks in the sample. To ensure consistently broad coverage, we select banks by country in descending order of size so as to cover at least 80% of the domestic banking systems in the G10 countries (Belgium, Canada, France, Germany, Italy, Japan, the Netherlands, Sweden, Switzerland, the United Kingdom, and the United States) plus Austria, Australia and Spain. The merger-adjusted sample comprises a final set of 108 pro forma banks, including the acquisitions in each bank's merger history based on 267 banks in total. The sample thus covers over 70% of worldwide bank assets as reported in The Banker Magazine for the Top 1,000 banks for end-2008. For each country, Table 1 shows the number of banks in the sample that are headquartered in each country.
Second, we control for the fact that the banks are major global firms. This requires some adjustments that would be unnecessary in a purely domestic context. The major banks run large international operations (Goodhart and Schoenmaker (2009); McCauley et al (2012) ), fund themselves in several currencies (McGuire and von Peter (2009)) and are exposed to different markets. This affects their funding costs as well as the macroeconomic conditions that influence the demand for their lending. Ideally, we could control for these factors based on bank-level information. Unfortunately, such detailed information is not included in the database. As a result, we approximate it with information from the BIS International Banking Statistics, which have similar data but at the level of the aggregate of the internationally active banks from the various countries, based on the location of the banks' headquarters ("nationality"). The broad coverage of the statistics and the concentration of international operations in a few large banks tend to mitigate any measurement error. 17 We approximate funding costs based on the best estimate of the funding composition of the banks' liabilities, weighting the monetary policy indicators -ie the policy rate, the long-term rate and therefore also the yield curve slopecorrespondingly. The weighting can make a large difference. For example, while US banks are mostly funded in US dollars, over half of Swiss bank liabilities are in that currency -less than one quarter is in Swiss francs (Table 1, column 11). As a result, for these banks, US dollar funding conditions are more important than those in the domestic currency. As a result of this weighting, each bank in our sample faces 17 Indeed, extensive cross-currency funding among European banks led to the US dollar shortage at the height of the crisis (McGuire and von Peter (2009) Figure 2 shows the average of the weighted short-and long-term interest rates and the corresponding yield spread across all banks. The chart reveals that shortand long-term interest rates have been trending down over the sample period, reaching record low levels of 0.75% and 2.5% in 2012, the last observation in our sample period. The yield spread (yield curve slope) fluctuated between 0 and 2% until 2009, when it rose above 2% before falling back below it in 2012. The persistently low rates have resulted in unusually accommodative monetary conditions for a substantial part of the sample. In one fifth of the observations, the short-term real interest rate has been negative, with a remarkable difference across banks (38% for Spanish banks, 0% for Australian banks).
Similar to the construction of liability-weighted funding cost measures, we construct bank-specific proxies of aggregate demand conditions by using the composition of the banks' assets (domestic vs foreign claims). More specifically, we weight the country macroeconomic indicators based on the location of banks' assets. As macroeconomic indicators, we focus on the growth rates of nominal GDP, stock market indices and house prices. Table 1 (columns 8, 9, and 10) provides the average of the weighted level of the three demand indicators across banks for individual jurisdictions. Figure 3 shows the estimated distribution across individual banks of the three bank-specific macroeconomic indicators in the sample (median and quartiles). As expected, there is considerable variation across banks. Figure 4 reports the distribution of the main profit and loss components over the whole sample;
18 Table 1 reports the main cross-country differences. Despite the convergence in bank profitability since the mid-1990s, especially among euro area countries, differences in ROA are still sizeable. Over the period 1995-2012, the average ROA ranges from a minimum of around 0.1-0.3% for Austrian, German and Japanese banks to a maximum of 1.6% for US banks. The degree of activity diversification, as measured by the ratio of non-interest to total income, varies from 30% in Austria, Italy and Spain to 70% in Switzerland (see also Gambacorta, Yang and Scatigna (2014) ). And the ratio of provisions to total assets also varies widely, with the maximum -1.0% for Japanese banks -five times bigger than the minimum -0.2% for Belgian, Dutch and German banks.
Econometric framework
Indexing individual banks with k, countries where banks are headquartered with j and years with t, we carry out the econometric analysis using the following benchmark model:
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These differences could be due at least in part to different accounting standards. 
where is the relevant income component (net interest income, other non-interest income, provisions, 19 and pre-tax profit) as a ratio of total assets. 20 The monetary policy indicators are the three-month interbank rate ( ), and the slope of the yield curve ( ), ie the difference between the 10-year government bond yield and . These indicators enter the equation also in quadratic form, in line with the discussion in Section 1 and also with the simple theoretical model described in the Annex. 21 The yield curve slope allows us to control for the effects of unconventional monetary policy. As discussed in the previous section, all monetary policy measures are weighted averages across the jurisdictions in which each bank gets funding.
We use several control variables. The macroeconomic indicators in the vector C (the growth rate of nominal GDP, stock market indices and house prices) have been weighted based on banks' exposures to different countries. We also include the coefficient of variation of the three-month interbank rate ( σ ) in order to capture perceived uncertainty about financial conditions. A dummy crisis takes the value of 1 in the period 2008-12.
In order to take into account bank characteristics, we include a set of bankfixed effects ( k ϑ ) and a vector of (time-varying) bank-specific indicators ( ) X . The latter are crucial in order to control for loan supply and loan demand factors. Our strategy, in line with the bank-lending channel literature, relies on the hypothesis that certain bank-specific characteristics (eg size, liquidity, short-term funding, costto-income ratio and capitalisation) only influence the loan supply. Broadly speaking, this approach assumes that banks differ in their ability to shield themselves from shocks. For instance, it assumes that they differ in the extent to which, following monetary tightening, they can prevent a contraction in their loans or experience a drop in the availability of total deposits. In particular, small and less capitalised banks, which are penalised by markets (ie are more subject to a variety of "informational frictions"), face a higher cost in raising non-secured deposits and may therefore have to cut their lending more substantially. Similarly, illiquid banks have less room to shield their customers by drawing down cash and securities. Other relevant variables include the composition of banks' funding sources and their sensitivity to market rates.
Taking into account the above considerations, our vector X contains (i) bank size (the natural logarithm of total assets (Kashyap and Stein (1995) , (2000))); (ii) bank leverage (equity-to-total assets ratio (Kishan and Opiela (2000); Adrian and Shin (2010))); (iii) bank liquidity (the liquidity-to-total assets ratio (Stein (1998) ); (iv) the share of short-term liabilities (Gambacorta and Marques (2011) ); (v) the cost-toincome ratio; and (vi) asset volatility (the standard deviation of the annual 19 Loan loss provisions account for 84% of total provisions.
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The analysis of the pre-tax profits is preferable in order to exclude possible effects due to different taxation regimes (Albertazzi and Gambacorta (2010) ).
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There are two main differences between the econometric model (1) and the theoretical model. First, all income statement components are divided by total assets to have stationary variables. Second, we have introduced a lagged dependent variable to mitigate the problem of the possible omission of some relevant variables.
percentage change in the market value of a firm's assets, from Moody's (Gropp and Heider (2010) 
)).
One possible identification problem is endogeneity. Bank profitability could have an impact on the balance sheet items listed above as well as on monetary policy decisions. We address this potential problem in two ways. First, we lag all bank-specific characteristics by one period. Second, we use the dynamic System Generalized Method of Moments (S-GMM) panel methodology, which should yield consistent and unbiased estimates. This methodology reduces endogeneity bias and takes into account the heterogeneity in the data caused by unobservable factors affecting individual banks. We use the instruments suggested in Blundell and Bond (1998) : exogenous variables, transformed in first differences, are instrumented by themselves; endogenous variables (also transformed in first differences), by their lags in levels.
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In addition, other considerations suggest that the endogeneity problem may not be as serious owing to the characteristics of our sample. While aggregate banking conditions could influence monetary policy, the profitability of any given bank is less likely to affect central bank decisions. In addition, the fact that banks operate in several jurisdictions, and need not be that large in several of them, reduces this risk further. For example, we can presume that the conditions of the Swiss banking industry are important for macroeconomic conditions in Switzerland but that they do not influence the US economy in the same way.
Results
We consider next, sequentially, the main findings concerning the impact of interest rates on net interest income, non-interest income, loan loss provisions and ROA.
Net interest income
In line with the analytical discussion, net interest income is positively correlated with the level of the short-term rate and the yield curve slope. Moreover, the relationship between net interest income and interest rates is concave.
The first column of Table 2 reports the estimated coefficients for the equation for net interest income ( NII , the difference between interest received on lending and that paid on funding, divided by total assets). The total effect of the money market rate, , on banks' net interest income is positive. And the quadratic term is negative, indicating that the functional relationship is concave. This means, in particular, that changes in have a larger impact when it is close to zero.
More generally, panel (a) of Figure 5 gives a graphical interpretation of the estimated partial derivative . This is always positive but decreasing in . For example, monetary policy tightening that brings the short-term rate from 0% to 1% gives rise to an increase in net interest income over total assets of 0.5 percentage points over one year, while the effect is only 0.2 percentage points if the short-term
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This approach is commonly applied to deal with possible endogeneity biases. For instance, Blundell and Bond (1998) use it to estimate a labour demand model while Beck et al (2000) apply it to investigate the relationship between financial development and economic growth. For an application to the analysis of the bank lending channel, see Altunbas et al (2009). rate increases from 6% to 7%. It is interesting to note that for high interest rate levels (greater than 8%), the derivative is not statistically different from zero, as indicated by the shaded area.
The impact of the slope of the yield curve is in general also positive and decreasing in the steepness of the slope (see panel (a) of Figure 6 ). An increase in the yield curve slope initially boosts net interest income but the impact declines and tends to become not statistically different from zero when > 2.5. An increase of the slope from -2 percentage points to -1 percentage point boosts the net interest income-to-total assets ratio by 0.2 percentage points over one year, but by only 0.07 percentage points if the slope increases from 1 percentage point to 2 percentage points. 23 
Non-interest income
The results for non-interest income are also broadly consistent with the previous analysis. Results indicate that an increase in the level of interest rates has a negative impact on non-interest income, therefore offsetting (at least partially) the positive effect on net interest income. The relationship between non-interest income and the interest rate structure is convex.
The detailed results are reported in the second column of Table 2 . The relationship between non-interest rate income and the interest rate structure is convex with respect to both the short-term rate (see Figure 5 panel (b) ) and the yield curve slope (Figure 6 panel (b) ). 24 For example, an increase in the short-term rate from 0% to 1% leads to a drop in non-interest income over total assets of 0.7 percentage points over one year, while the reduction is 0.25 percentage points if the short-term rate increases from 6% to 7%. Similarly, an increase in the slope from -2 percentage points to -1 percentage point reduces the non-interest income-to-total assets ratio by 1.6 percentage points, while the reduction is only 0.4 percentage points if the slope increases from 1 percentage point to 2 percentage points.
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The effect of interest rate volatility on net interest income is positive and statistically significant. This might reflect the possibility that the reduction in lending volumes associated with greater uncertainty in the credit market is more than compensated for by the higher margin that banks demand to compensate for higher risk (Ho and Saunders (1981) , Angbazo (1997) , Maudos and de Guevara (2004) ). Among the bank-specific characteristics, the leverage ratio is significant: well capitalised banks have higher net interest income. This is consistent with the existence of a "capital endowment" effect. The positive impact of capitalisation on net interest income is also in line with McShane and Sharpe (1985) , who suggest that bank capitalisation, as captured by the equity-toassets ratio, is a good proxy for bank risk aversion and that banks that are more risk-averse require higher margins to cover the higher cost of equity financing compared to debt financing. As for the coefficients on the macroeconomic controls, house price growth and stock market growth are positively and significantly correlated with net interest income, indicating a positive effect of the value of collateral on lending. The weak correlation with GDP growth, controlling for the positive effects on demand via collateral, could depend upon a self-financing effect via firms' profits that reduces, other things equal, the proportion of bank debt (Friedman and Kuttner (1993) ).
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As for bank-specific characteristics, only the liquidity ratio has a positive and significant impact on non-interest income, probably indicating the relative importance of securities holdings. Noninterest income is positively correlated with growth in stock and house prices. The lack of a statistically significant relationship with GDP growth may reflect a low sensitivity to it of a range of bank services (eg cash management, safekeeping, securities brokerage and mutual fund sales). The coefficient for volatility is significant and positive, which is reasonable: high volatility often coincides with large transaction volumes (for example, the demand for financial derivatives, used for hedging purposes, increases with volatility).
Provisions
As expected, provisions are positively correlated with the interest rate structure and the relationship is concave.
Detailed results for provisions are reported in the third column of Table 2 . Bank provisions are a positive function of the level of the money market rate only up to a given threshold (see panel (c) in Figure 5 ). For example, an increase in the money market rate from 0% to 1% boosts provisions over total assets by 1.5 percentage points over one year, while the increase is only 0.3 percentage points if the shortterm rate increases from 6% to 7%. Very similar results apply to the impact of the yield curve slope (see panel (c) in Figure 6 ). For a given short-term rate, a steeper yield curve translates into higher rates on medium-and long-term loan contracts, such as mortgages. The effect becomes statistically insignificant for values of the slope exceeding 2 percentage points.
Return on assets
On balance, higher interest rates boost overall bank profitability. This means that the positive effect on net interest income more than offsets the negative effects on non-interest income and provisions. Moreover, the relationship between bank profitability and the interest rate structure is concave (both for the level of the interest rate and the yield curve slope).
In the final column of Table 2 , we report the results for the return on assets (ROA). Again, the impact of interest rates fades as they rise, eventually becoming not statistically significant. For example, monetary policy tightening that brings the short-term rate from 0% to 1% raises the ROA by 0.4 percentage points over one year, while the effect is only 0.15 percentage points if the short-term rate increases from 6% to 7% (see panel (d) in Figure 5 ). The impact that we find for low levels of the interest rate is significantly greater than that estimated by standard linear models. For example, Alessandri and Nelson (2015) find that the ROA increases by around 0.2 percentage points in the event of a 1% increase in the market rate. And for Genay and Podjasek (2014) , the impact is even lower (0.1 percentage points).
An increase in the slope of the yield curve from -2 percentage points to -1 percentage point raises the ROA by 1.2 percentage points over one year, while the effect is 0.6 percentage points if the slope goes from 1 percentage point to 2 percentage points (see panel (d) in Figure 6 ). In this case, too, our estimates are significantly higher than those obtained by studies using standard linear empirical models (0.1-0.7 percentage points): that said, comparisons are harder, given the different slope measures used in the literature.
Conclusion
This paper studies the link between monetary policy and bank profitability through a non-linear approach. Using a data set covering 109 large international banks headquartered in 14 advanced economies for the period 1995-2012, we consider the impact of changes in the interest rate structure (level of the short-term rate and yield curve slope) on all main income statement components -net interest income, non-interest income and bank loss provisions -as well as on overall profitability, measured by ROA. We control for both macroeconomic conditions and typical bank-specific characteristics. As the banks analysed run large international operations, across countries and currencies, we adjust for these factors. In the absence of detailed bank-level data on these characteristics, we rely on the BIS International Banking Statistics, which provide data at the level of banking systems, to construct approximate bank-specific monetary policy indicators, covering both funding currencies and macroeconomic conditions. We find that the correlation between the level of interest rates and the steepness of the yield curve, on the one hand, and ROA, on the other, is positive: higher rates and a steeper yield curve boost profitability. This reflects two contrasting forces. On the one hand, higher short-term interest rates and a steeper yield curve increase banks' net interest income, as they raise bank interest margins and returns from maturity transformation, respectively. On the other hand, higher interest rates increase loan loss provisions, consistent with their impact on debt service costs and default probabilities, and decrease non-interest income, because of their negative impact on securities' valuations. Thus, the effect on net interest income more than offsets that on non-interest income and provisions.
We also find significant non-linearities in the link between the interest rate structure and bank profitability. This reflects, among other things, a reduction of the "deposit endowment effect" on bank profitability when interest rates are low: as the deposit rate cannot fall below zero, at least to any significant extent, the markdown (the difference between the market rate and the deposit rate) is compressed when the policy rate is reduced to very low levels. Non-linear effects are also found for the relationship between bank profitability and the slope of the yield curve, likely reflecting non-linearities arising from demand for long-term loans and bank services, and from provisions. The result holds controlling for different business cycle conditions and bank-specific characteristics such as size, liquidity, capitalisation and incidence of market funding.
These findings have implications for the possible unintended side effects of unusually accommodative monetary policy, designed to keep both short-term and long-term rates very low for very long periods. For given macroeconomic conditions, bank profitability tends to suffer from unusually low, possibly zero or lightly negative, short-term interest rates, combined with a very flat yield curve, possibly alongside negative term premia. Moreover, under those conditions, some of the profitability may be artificially high, such as that owing to evergreening practices. And it is also likely to be temporary, as valuation gains only have a oneoff impact on profitability. That is, valuation gains dissipate, but lower interest margins stay.
Abstracting from macroeconomic effects, our findings help shed light on the impact of monetary policy on bank profitability after the crisis. Taking our results at face value, we find that the impact, on balance, was positive in the first two years post-crisis (2009-10) but turned negative in the following four years . In the first two years, ROA was boosted by an estimated cumulative 0.3 percentage points: the negative effect on bank profitability linked to the decrease in the shortterm rate was more than compensated for by the positive one deriving from the increase in the yield curve slope. In contrast, in the following four years, the further decrease in short-term rates and flattening of the yield curve cut ROA by an estimated cumulative 0.6 percentage points. With an average annual ROA of 0.64 over the sample period (1995-2012, Table 1 ), this means that over 2011-14, the average bank in the sample lost one year of profits as a consequence of low interest rates and compressed yield spreads.
Of course, the overall effect of monetary policy on bank profits will also depend on the impact of monetary policy on macroeconomic conditions. In particular, it will crucially hinge on the efficacy of monetary policy in boosting aggregate demand at the zero lower bound and in adverse balance sheet conditions. Both factors would tend to undermine its effectiveness (see eg Bouis et al (2013) , Borio (2014) , Bank for International Settlements (2014)). Assessing this point is, however, beyond the scope of this paper.
Annex: A simple illustrative theoretical model
This Annex presents an adapted version of the Monti-Klein (MK) model for the case of oligopolistic competition between N banks. The purpose is mainly to give a possible set of micro-foundations to the regressions used to help discipline our econometric analysis and fix ideas. That said, of course, the model necessarily omits a number of considerations relevant for the interpretation of the results, as discussed further in the main text.
Our illustrative model differs from the standard MK model in two respects: (i) the introduction of the marginal cost of maturity transformation and minimum capital requirements; (ii) the inclusion of a stylised equation for loan loss provisions. The model incorporates the case of monopoly (N=1) and perfect competition (N=∞).
Relative to the discussion in the main text, we make two important simplifications. First, we assume that banks perform only traditional intermediation activity, ie we exclude other forms of revenues, such as trading income and fee from services. Second, we include the cost for derivative hedging directly in the net interest margin.
The demand for loans is described by the inverse demand function = ( ). It represents the amount of loans borrowers are willing to demand ( ) at a given loan interest rate ( ). The partial derivative ′ ( ) is negative: a higher lending rate reduces loan demand. As a mirror image, the inverse supply of deposits is given by the function = ( ): the volume of deposits , increases with the rate paid on them ( ), ie the partial derivative ′ ( ) is positive. As deposits provide also payment services, we assume that deposits are not very responsive to the deposit rate, ie the banking sector has considerable oligopolistic power over retail deposits -′ ( ) is not particularly high.
The cost function of the N identical banks is assumed to be linear and separable (ie, there are no joint costs in the production of loans and deposits):
where and are the quantities of loans and deposits for bank j, with j=1,...,N, while , and are positive parameters.
Banks can borrow (or lend) on a competitive market at the exogenous money market rate r. One can think of that market as combining interbank claims as well as other securities (eg, banks' own debt and government and corporate securities). Because they are assumed to be perfect substitutes, the model only determines the net amount in banks' balance sheet, . 25 This market sets the exogenous marginal cost and marginal revenue that ultimately determines the volume of deposits and loans, net of production costs. It may be best to think of it as the money market.
We also assume that, all else equal, banks face a structural maturity (strictly speaking, pricing) mismatch between loans and deposits. This exposes banks to interest rate risk. Banks can reduce this risk by hedging through derivatives, but at a 25 This also means that we assume away any maturity mismatch in this part of the portfolio (see below).
cost. For simplicity, we simply assume that the cost ( ) ≥ 0 depends positively on the slope of the yield curve ( ′ ≥ 0). As long as the interest rate on deposits is not a market rate, it is reasonable to assume that the incentive to engage in maturity transformation increases with the slope of the yield curve, as opposed to the term premium per se. If loans are only short-term and there is no maturity mismatch, then ( ( ) = 0) and we come back to the standard MK model. Thus, bank's net interest income is given by:
For simplicity, we assume that bank capital is equal to a minimum capital requirement and that this is a function of loans, as opposed to portfolio size. This can be justified if it is assumed that the requirements are risk-weighted, any securities held have zero risk weight ratio and derivatives are excluded. This assumption, in fact, is quite common in the literature and serves to simplify the analysis (eg, Bolton and Freixas, 2006) . We thus assume that the amount of equity is a given fraction 0< <1 of loans:
Loan loss provisions ( ) are assumed to be a fraction of loans. This fraction, in turn, depends on the borrowers' probability of default, which is assumed to rise with the average level of interest rates, ie with both the market rate and the yield curve slope. We thus have:
where ′ ≥ 0 and ′ ≥ 0. If the bank engages in no maturity transformation activity the derivative ′ is equal to zero. Note that, since the model is static, we assume that provisions are incurred as soon as the loan is granted.
The balance sheet for bank j is thus given by:
where = represent the reserve requirements, with > 0.
The bank decides the level for and by maximising profits:
subject to constraints (A3)-(A5). Rearranging the terms, the maximisation problem can be written as: As costs are additive, a standard result is that the bank's decision problem is separable: the optimal deposit rate, and hence the deposit volume, is independent of the characteristics of the loan market, and the optimal loan rate, and hence the loan volume, is independent of the characteristics of the deposit market. The effect of on both the market for loans and that of deposits are derived from the first order conditions and from the assumption of symmetric equilibrium:
where ( * ) and ( * ) are two positive quantities denoting the coefficients of elasticity of the demand function of loans and supply of deposits, respectively.
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An assumption that greatly simplifies the notation and has no qualitative impact on the results of interest is that loans and deposit functions have a constant elasticity, ( * ) = and ( * ) = . With this assumption, by applying the implicit function theorem to equations (A8), we obtain:
If the loan demand elasticity ( ) is greater than 1 the first derivative is negative because for higher values of the lending rate the aggregate volume of loans declines ( ′ ( * ) < 0). The condition > 1 can be easily satisfied if the degree of competition (captured by the number of banks ) is sufficiently high. The second derivative is positive: for higher the supply of deposits increases ( ′ ( * ) > 0). Naturally, if the supply of deposit is inelastic with respect to the deposit rate ( ≈ 0), the responsiveness of deposits to market rates becomes low ( * ≈ 0). We can also evaluate the analogous effects of changes in the slope on the equilibrium levels of loans and deposits. * 
Similarly to what discussed before, under the condition > 1 , the first derivative is negative. The equilibrium volume of loans as a function of the yield curve slope depends on the extent to which banks engage in maturity transformation: if it is negligible ( ′ = ′ = 0), the optimal amount of loans will be independent of changes in the yield curve. This could happen, for example, if banks had only short-term loans (strictly speaking, if loan rate re-pricing intervals resulted in no interest rate risk). By contrast, given the assumption that the cost of hedging is a function of L and the cost function (A1) is separable, the yield curve slope, , does not affect the equilibrium volume of deposits.
The effect of changes in the monetary policy rate -here assumed to be equal to the market rate, -and in the yield curve slope, , on the equilibrium loan and deposit rates is given by the following equations: An increase in the policy rate raises both the cost of lending and the interest rate on deposits. An increase in the slope of the yield curve has a positive effect only on the lending rate; the deposit rate is unaffected.
Since in the empirical part we estimate equations for the main components of the profit and loss accounts; it is helpful to analyse the effect of and on net interest income and on provisions (see equations (A2) and (A4) respectively). This can be done by considering (A8)-(A10), constraints (A3)-(A5), and the total derivative formula. In particular, we have:
where = ( * ) − (1 − ) − ( ) > 0 can be considered a mark-up of the lending rate on marginal funding cum derivative costs, while = (1 − ) − ( * ) > 0 represent a mark-down of the deposit rate with respect to the marginal funding cost. Taking into account these conditions, the derivative is a positive and linear function of ; so that the equation for net interest income is quadratic in . However, the curvature of the function depends on the values of the elasticities and capital requirements. In particular, the function is concave in r ( 2 2 < 0) if the loan demand is elastic to changes in the lending rate ( ′ ( * ) is low) and the deposit supply is inelastic with respect to changes in the deposit rate ( ′ ( * ) is high). This is a plausible assumption considering that bank seem to exercise more monopoly power in the deposit market than in the lending market From the third equation in (A12), taking into account the results in (A8), it is possible to simplify the formula in the following way = 0 + 1 where 0 ≥ 0, and 1 ≤ 0 that depends on the hypothesis ′ > 0 that we made above on the fact that provisions increase when the short rate increase. But this something to the 27 For a review see Gambacorta and Iannotti (2007) and the discussion in footnote 8. Net interest income-to-total assets ratio Non-interest income-to-total assets ratio Provisions-to-total assets ratio Return on total assets (ROA)
Note: The solid lines represent the median value of each bank-specific indicator. The shaded areas delimit the second and third quartile of the distribution.
Source: Authors' calculations using BankScope data.
Figure 5: Effect of changes in the short-term interest rate on bank profitability (a) Impact on net interest income-to-total assets ratio (b) Impact on non-interest income-to-total assets ratio (c) Impact on provisions-to-total assets ratio (d) Impact on return on assets (ROA)
Note: The horizontal axis shows the nominal level of the money market rate (r). The vertical axis shows the derivative of each bank profitability component with respect to the short-term rate, in percentage points. The shaded area indicates 95% confidence bands.
Source: Authors' calculations.
